'Self-healing' dyes: intramolecular stabilization of organic fluorophores
To the Editor: Improvement of fluorescent dyes, including an increase of photostability and the control of blinking, is a prerequisite to move single-molecule and super-resolution microscopy into the mainstream of biological research. For these purposes, it has become common practice to add photostabilizing, protecting additives to the specimen in demanding fluorescence applications [1] [2] [3] . To ensure frequent collisions with the dye, the additive has to be added at sufficiently high concentrations (micro-to millimolar), which is not possible in living cells and can generally lead to biological toxicity.
In a recent issue of Nature Methods, Blanchard and co-workers 4 overcame this concentration-dependence and associated toxicity by linking the protecting additive directly to the dye to allow an intramolecular 'self-healing' reaction. They increased the photostability of the commonly used organic fluorophore Cy5 by chemically attaching photostabilizing compounds such as 6-hydroxy-2,5,7,8-tetramethylchroman-2-caboxylic acid (Trolox), cyclooctatetraene (COT) or 4-nitrobenzyl alcohol (NBA) without negative effects on fluorophore brightness (Fig.  1a) . This work was a breakthrough for the development of a new class of 'self-healing' dyes that have a built-in ability to repair damage by reacting to undesired intermediates on the photobleaching pathway.
Here we provide a plausible molecular mechanism for the apparently surprising finding that the covalent linkage of a single protector molecule of Trolox, COT or NBA to the fluorophore Cy5 is almost as efficient as diffusion-based fluorophore stabilization that commonly requires addition of two compounds, an oxidant and a reductant 2, 4, 5 .
In the latter approach with freely diffusing protector molecules, an unfavorable state, such as the triplet state or a radical ion state, reacts with reducing or oxidizing agents in solution, restoring the dye in its fluorescent singlet state. In the triplet state, for example, the dye reacts with a reductant in a one-electron transfer reaction yielding a radical anion (Fig. 1b) . This radical anion reacts with an oxidizing agent in solution that accepts one electron from the dye molecule in a second one-electron transfer reaction. This photocatalytic ping-pong mechanism restores the dye (acting as catalyst) in its ground state.
introduced by Acacia were predominantly insertion-deletions and occurred when a rare homopolymer variant could not be statistically distinguished from an error under our significance thresholds.
AmpliconNoise achieved the highest net correction and reduced the base error rate (BER) by 60-90% as estimated by comparing the corrected and uncorrected pyrosequence reads to their reference Sanger sequences (Supplementary Methods and Supplementary Tables 2 and 3). Acacia reduced the BER by 30-80%, and both Acacia and AmpliconNoise yielded substantially higher net correction than Denoiser. Denoiser reduced the BER by 79% and 6% in the divergent and titanium data sets, respectively, but inflated the BER by 78% in the artificial data set. Overall, Acacia had the highest specificity of the three tools (Supplementary Fig. 1 ).
To investigate introduced errors further, we calculated the number of errors per read to identify whether they were evenly distributed or concentrated in a small number of sequences. For all three tools, most introduced errors were present as 1-2 errors per read. In the titanium data set, however, Acacia, AmpliconNoise and Denoiser introduced up to 6, 8 and 19 errors per read, respectively ( Supplementary Fig. 2 ).
To examine the consequences of introduced error on community profiling, we performed standard operational taxonomic unit (OTU) clustering of reads at 97% using the QIIME package 5 . For all data sets, the rank-abundance profiles produced by Acacia and AmpliconNoise were almost identical (Supplementary Fig. 3 ). In the Artificial and Titanium data sets, the profiles generated from the Denoiser-corrected data had noticeable discrepancies in the rank and abundance of OTUs. These could be traced to groups of reads with high Denoiser-introduced error (>3% identity) being moved from their Acacia and AmpliconNoise OTU to different, typically higher-ranked OTUs belonging to the same genus ( Supplementary  Figs. 3 and 4) . We also observed this phenomenon in human microbiome data sets processed using Denoiser (Supplementary Fig. 5 ).
In summary, Acacia is an alternative to AmpliconNoise and Denoiser that maintains sensitivity without compromising genuine signal in the data. Acacia is written in Java and only requires the Java Runtime Environment. Using either the command-line or graphical user interface (GUI), Acacia can process selected barcoded samples together or separately. Acacia output is in a format compliant with the QIIME analysis pipeline 5 . Despite the focus on SSU rRNA analysis in this study, Acacia can be used to error-correct any pyrosequenced amplicon. In addition, given appropriate error models, any new sequencing technologies (for example, Ion Torrent PGM), which are also susceptible to homopolymer-based errors, can be corrected using Acacia.
Blanchard replies: A battery of new mechanistic investigations will be required to provide a full explanation of the observation that individual, small-molecule compounds, referred to here as 'protective agents', have the capacity to promote dramatic enhancements to overall fluorophore performance 1 . As Tinnefeld and Cordes suggest 2 , cycles of reduction and oxidation, and/or cycles in the reverse order, may confer a 'selfhealing' property to the fluorogenic center. This could indeed be achieved by a single neighboring molecule, such as Trolox, facilitating the fluorophore's rapid return to the ground state from relatively long-lived, nonfluorescent, radical intermediates through 'ping-pong' reduction-oxidation (redox) chemistry. However, this model stipulates that the rates of redox cycling be properly matched for benefits to be achieved. Further insights into the prevalence and lifetimes of charged intermediates for each molecule will need to be quantified to validate this model.
Other mechanisms for photostabilization, which may have a substantial or even dominant role, will also need to be carefully considered and quantified. Previous investigations, largely motivated by the once vigorous dye-laser industry, suggest that meaningful contributions to fluorophore performance may arise from changes in the rates of internal conversion and/or the introduction of mechanisms for triplet-triplet energy transfer and exciplex-type relaxation pathways 3 . Triplet-triplet energy transfer, a mechanism that would also fall into the 'self-healing' category, could provide substantial benefits to fluorophore performance by reducing the lifetime of nonfluorescent triplet states from which photobleaching and/or radical states can occur. Given our estimates of the triplet energy and redox potential of cyclooctatetraene (unpublished data), this mechanism may potentially be the dominant pathway of cyanine fluorophore photostabilization. Triplet-triplet energy transfer can be differentiated from redoxtype chemistries by quantifying changes in triplet-state lifetimes and charged, intermediate species. Other pathways may also exist that are distinct from the 'self-healing' variety. For example, a 'self-protecting' mechanism that reduces the probability of transitions into 'damaged' states in the first place would also give rise to enhancements in fluorophore performance.
Single-molecule imaging efforts can have an important role in the characterization of fluorophore performance by giving direct access to the frequency and duration of fluorescent and nonfluorescent states as well as a fluorophore's total photon
In a 'self-healing' dye-protector scenario 4 , similar processes might occur, except that the partner for the second electron transfer is produced in the first electron transfer reaction (Fig. 1c) . The dye in the triplet state reacts with the attached reductant Trolox, forming a radical anion of the fluorophore and a Trolox radical cation. The Trolox radical cation is an effective and strong oxidant. As both radical species cannot be separated by diffusion, they ultimately collide and react again, restoring both the dye and Trolox in their ground states. A similar mechanism of geminate recombination has been excluded for nonconjugated Trolox-fluorophore interactions owing to fast diffusional separation 5 . We imagine analogous scenarios may be possible for NBA-dye conjugates, except that the reduction and oxidation steps are interchanged. COT can additionally quench triplet states by a triplet-triplet energy transfer mechanism.
This concept can not only explain how the protector stabilizes the dye over extended time periods without being consumed, it also indicates a route for additional improvement. Photobleaching in 'self-healing' dyes can originate from bleaching of the fluorophore directly or after prior degradation of the protector. Hence, future research should focus on a search for not only stable fluorophores but also stable protectors.
Finally, the proposed mechanism paves the way for a combined approach in which intermediates of dye and protector might be restored by additional compounds such as thiols or 3,4-dihydroxybenzoic acid (PCA) that were also present in the experiments of Altman et al. 4 . As an example, the parent compound of Trolox, vitamin E (a-tocopherol), that itself is immobile in membranes, can be 'recycled' by freely diffusing vitamin C (ascorbic acid) in a biological context 6 . 
